Introduction
============

Lung cancer is one of the most lethal cancers worldwide, causing up to three million deaths annually, and therefore, the identification of new targets for lung cancer therapy is an urgent priority. Emerging evidence suggests that the ability of a tumor to grow and propagate is dependent upon a small subset of cells within the tumor, termed cancer stem cells (CSC). The CSC model proposes that tumors have a hierarchical organization in which only some cells indefinitely self-renew and thereby sustain tumor growth. CSCs have been identified in human leukemias, solid breast tumors, the colon, brain and other sites [@B1], [@B2]. Knowledge gathered over recent years concerning brain CSCs has prompted the initiation of several clinical trials of experimental vaccines that target cancer stem cells in patients with recurrent glioblastoma [@B3]. Other clinical trials of drugs targeting breast, gastric, and colon CSCs are ongoing [@B4]. CD44 and/or aldehyde dehydrogenase (ALDH) are the most commonly used markers for the identification of CSCs [@B5], [@B6]. CD44 is a cell surface receptor for hyaluronic acid, and is involved in a wide variety of physiological processes, such as leukocyte homing and activation, cell adhesion and migration [@B7]. Alternative splicing of CD44 variant exons generates many variant isoforms (CD44v) with variable functions, whereas the standard CD44 (CD44s) isoform contains no variant exons [@B7], [@B8]. Expression of CD44v, but not CD44s, in some tumors is associated with tumor progression and metastasis [@B9], [@B10]. ALDHs are a group of enzymes that catalyze the oxidation of aldehydes*.* High levels of ALDHs are observed in stem cells and CSCs of many tissues and organs [@B11]. It is thought that markers for CSC isolation are usually the same markers for the same tissue\'s normal stem cells. This is especially relevant in the lung, as CD44 is a marker for airway basal stem cell isolation, and the expression of ALDH can further select for cells with more stem cell characteristics, in both humans and mice [@B12], [@B13]. Despite several recent publications describing putative lung CSCs that express CD44 or ALDH in human surgical samples and cell lines [@B14]-[@B17], several controversies exist, which hinder progression towards clinical applications [@B18]. These controversies include the absence of a universal lung CSC marker, as most markers are detected in some samples but not others, lack of evidence for an association between the expression of the marker and the patient\'s prognostic data, and discrepancies between reports of markers that are, and are not, enriched for lung CSCs [@B18]. In the current study, we employed additional novel strategies to identify lung CSCs. Firstly, we used anti-CD44v antibodies specific to variant 9 (v9) of CD44. This variant is associated with CSCs in ovarian, gastrointestinal, and head and neck cancers [@B19]-[@B21], while anti-CD44 antibodies used in previous studies for the isolation of lung CSCs were non-specific, detecting all isoforms, and therefore, likely making them less sensitive [@B14], [@B15]. Second, we used both CD44v and ALDH markers, separately and combined, which has not previously been done in lung CSCs studies. Combining CD44 and ALDH has been shown to be more efficient in detecting CSCs in breast tumors, salivary glands, and pleural mesothelioma [@B22]-[@B24].

Our findings suggest that high CD44v expression marks CSC populations within selective lung adenocarcinoma cell lines. The use of ALDH expression as a second selection marker revealed the possibility of the presence of subtypes of CSCs, with each of them leading on different CSC characteristics. It is likely that some lung adenocarcinomas harbor multiple CSCs, with varying abilities to proliferate, resist chemotherapy, and propagate the tumor.

Methods
=======

Cell lines
----------

We examined RNA collected from the following cell lines for CD44v expression: 11 adenocarcinomas (H1975, H1650, PC9, A549, H441, H358, H522, SK-LU1, MCF7, Calu-3 and HCC827), 3 squamous cell carcinomas (SK-MES1, SW900, H520), 1 neuroendocrine (H1770) and 1 epidermoid (Calu-1) cancer cell lines, in addition to normal human bronchial epithelial (NHBE) and BEAS2B non-cancer cell lines. A549, H1650 and HCC827 cell lines were cultured in RPMI (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum, penicillin (100 U/mL) and streptomycin (100 μg/mL) at 37°C, 5% CO~2~, and 95% humidified air.

RT-PCR
------

The expression of CD44v was examined in cell lines by two-step RT-PCR analyses. Total RNA was extracted from all cell lines, using the Qiagen RNeasy mini kit (Qiagen) according to the manufacturer\'s instructions. Complementary DNA (cDNA) was synthesized from 1 μg of total RNA, using the High Capacity RNA to c-DNA kit (ThermoFisher Scientific). The RT-PCR reaction was prepared using the SYBR FAST ABI Prism qPCR Kit (Kapa Biosystems) and the following primers:

CD44 human Forward: TCCCAGACGAAGACAGTCCCTGGAT and CD44 human Reverse: CACTGGGGTGGAATGTGTCTTGGTC.

Flow cytometry
--------------

The CD44v was detected using rat antibodies against human CD44v9 (RV3; 1:500) and mouse CD44v8‐10 (CD44v10‐e16 \[RM1\]; 1:300) was generated as previously described [@B20]. Other CD44 (standard and/or other variants) were detected using rat (Biolegend) or mouse (Acris) anti-CD44 antibodies that identify a portion of the protein shared by all isoforms, i.e. panCD44. ALDH staining was performed based on ALDH activity using the Aldefluor^®^ kit (Stem Cell Technologies). The protocol was carried out according to the manufacturers\' instructions. Flow cytometric acquisition or sorting was performed using a Gallios flow cytometer (BD) and/or a MoFlo cell sorter *(*Beckman Coulter) and analyses performed using the FlowJo software.

Immunostaining
--------------

A total of 50,000 unsorted or FACS sorted cells from the different cell lines were cytospun and stained. Paraffin embedded xenograft tumor blocks were cut into 6 μm sections and immune-stained as described [@B25]. The primary antibodies used were CD44v, panCD44, CD34 (Abcam), e-cadherin (BD), EGFR (Santa Cruz), pEGFR (BD), xCT [@B20] and PD-L1 (Novus Bio). The appropriate Alexa Fluor-coupled secondary antibodies were used in double staining sections. Nuclei were stained with DAPI (Vector labs - Burlingame, CA). Slides were examined by fluorescent microscopy using a Zeiss AxioImager microscope (Carl Zeiss, Jena, Germany).

Cell proliferation assay
------------------------

CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega), which includes 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) was used according to the manufacturer\'s instructions to compare the rate of cell proliferation between the different populations. Briefly, in each well, 2,000 cells were seeded in 100 μL in a 96-well plate. 20 μL of MTS CellTiter 96® AQueous One Solution Reagent was added to the cells. The plate was incubated at 37°C for 1 hour. The absorbance was measured at OD490 nm using a plate reader. Triplicate wells were analyzed in each assay.

Chemotherapeutic-resistance test
--------------------------------

A total of 50,000 freshly sorted cells from the different populations from all cell lines were seeded on culture plates and allowed to attach overnight. Cells were then treated with 5 µM docetaxel or vehicle. Three days later, both floating and attached cells were collected and the percentages of apoptotic and dead cells were determined using Annexin V and PI staining on a flow cytometer.

In vivo tumorigenicity (xenograft formation)
--------------------------------------------

Freshly sorted cells (100,000 or 10,000) were mixed with an equal volume of matrigel (BD) (in 200 μl) and injected subcutaneously into the back of 8- to 12-week-old recipient mice. Recipient mice used were athymic nude Foxn1nu (hereafter, nude)(Charles River, Wilmington, MA) or NOD.CB17-Prkdcscid/NcrCrl (hereafter, NOD/SCID). Tumor growth was measured every week with a caliper, and was observed for up to 4 months, until the recipient mouse showed signs of debilitation or the tumor reached a maximum of 2,000 mm^3^. For secondary tumor formation, the primary xenograft tumors were digested into single cell suspensions by mincing and enzyme digestion (dispase \[BD\] + Liberase \[Roche\]). Cell suspensions were either stained for CD44 and ALDH then sorted, or used as such for subcutaneous injection into NOD/SCID mice. Mice were examined weekly for secondary tumor formation. All animal use was approved by Keio University ethics committee, and was in accordance with the *Interdisciplinary Principles and Guidelines for the Use of Animals in Research, Testing, and Education* by the New York Academy of Sciences, Ad Hoc Animal Research Committee.

Tumorspheres
------------

Freshly sorted cells from the different populations were seeded, in triplicates, into low-attachment 35 mm plates (BD) in descending dilutions (1:1000, 1:500, 1:100, 1:50, 1:10, 1:1). The whole assay was repeated at least twice from both cell lines and sorting strategies. Cells were cultured in serum-free RPMI medium, supplemented with penicillin (100 U/mL), streptomycin (100 μg/mL), 20 µg/ml of insulin, 20 µg/ml EGF and 10 µg/ml of bFGF (Millipore) and 25% methylcellulose (Sigma) and incubated for 3-6 weeks. Wells with at least one tumorsphere of 200 μm diameter or more were recorded as positive and imaged using an inverted microscope.

Reactive oxygen species (ROS) measurement
-----------------------------------------

Freshly sorted cells from the different populations were examined for ROS levels, using H2DCFDA (6-carboxy-2\',7\'-dichlorodihydrofluoresce in diaceta) (Invitrogen). A H2DCFDA probe solution (10 μM) was prepared and 400 μL aliquoted into FACS tubes. The cells were placed into the probe solution and incubated at 37ºC for 15 min. The cells were examined using a Gallios flow cytometer (BD).

Statistics
----------

Data from multiple samples per group were expressed as mean ± SD. The quantification of colony forming efficiency (CFE) and cell-type determination was performed by visual counting under a microscope and digital imaging from at least 3 triplicates and 3 independent experiments. The t-test was performed for pairwise comparisons and a P value of less than 0.05 was considered significant.

Results
=======

Several lung cancer cell lines express CD44v
--------------------------------------------

We examined, by RT---PCR, 11 adenocarcinoma, 3 squamous cell carcinoma, 1 neuroendocrine, and 1 epidermoid cancer cell lines, in addition to the NHBE and BEAS2B non-cancer cell lines, for the expression of the putative lung CSC marker *CD44v*. Six adenocarcinomas, two squamous cell carcinomas, as well as the NHBE cells, expressed variable levels of *CD44v* **(Figure [1](#F1){ref-type="fig"}A).**We confirmed the identity of the product amplified by RT-PCR by DNA sequencing for two adenocarcinoma cell lines with high levels of CD44v expression (H1650 and PC9), and found 100% similarity to the reference sequence for *CD44v* v9. To confirm the expression at the protein level, we used two antibodies: one specific for CD44v, and the other able to detect all isoforms (panCD44: detects standard and all variant isoforms). By immunostaining and flow cytometry, we confirmed the presence of CD44v protein expression in two of the adenocarcinoma cell lines that showed high *CD44v* expression at the RNA level (H1650 and HCC827) **(Figure [1](#F1){ref-type="fig"}B, C, F, G)**. We also confirmed the absence of *CD44v* v9 and the presence of standard or other variant *CD44* in an adenocarcinoma cell line that showed no *CD44v* expression at the RNA level (A549) **(Figure [1](#F1){ref-type="fig"}D, E, H).**This also confirmed the presence of a range of CD44v expression profiles among cells within the same cell line, with some cells having very high expression levels and others having low or no expression.

Compared with CD44v^low^ cells, CD44v^high^ cells show some characteristics suggestive of CSC enrichment
--------------------------------------------------------------------------------------------------------

In preliminary studies, we sorted a CD44v-expressing and a non-expressing adenocarcinoma cell line, H1650 and A549, into CD44v^high^ and CD44v^low^ and panCD44^high^ and panCD44^low^, respectively. Owing to the CD44 expression in these cell lines not showing clear separation into positive/negative populations, i.e., presenting a continuum of intensity, we sorted the highest and lowest 30% of CD44-expressing cells from each cell line **(Figure [S1](#SM1){ref-type="supplementary-material"}A-B)**. We then compared the high versus low populations in several tests suggestive of CSC enrichment. Firstly, we compared their proliferation rates by an *in vitro* cell proliferation MTS assay. None of the examined populations showed significantly different proliferation rates **(Figure [2](#F2){ref-type="fig"}A, B)**. Next, we compared the cell populations by a chemotherapeutic-resistance test. Both the CD44v^high^ and panCD44^high^ cells showed higher percentages of viable cells compared with the CD44v^low^ and panCD44^low^ cells **(Figure [2](#F2){ref-type="fig"}C),**indicating that the presence of CD44 v9 in H1650 cells and other CD44 variant(s) in A549 provides these cells with chemotherapeutic resistance and a survival advantage. Finally, the differential ability of the sorted cells to form tumors in vivo was examined by transplanting 100,000 cells from each population subcutaneously into nude mice. CD44v^high^ cells from the H1650 cell line formed significantly larger tumors than CD44v^low^ cells, whereas the A549 panCD44^low^ cells tended to form larger tumors than panCD44^high^ cells; however the differences were not statistically significant **(Figure [2](#F2){ref-type="fig"}D, E).**As these preliminary experiments suggest that CD44v expression is a marker that enriches for CSCs in the H1650 cell line, we examined additional markers and techniques that may further enrich for CSCs.

Strategies to enrich for CSCs within the CD44v^high^ cell population
--------------------------------------------------------------------

We examined the effect of using ALDH as an additional marker to enrich for CSCs by sorting two CD44v-expressing adenocarcinoma cell lines, H1650 and HCC827, into CD44v^high^/ALDH^high^, CD44v^high^/ALDH^low^, CD44v^low^/ALDH^high^ and CD44v^low^/ALDH^low^ populations. Gates were set to sort the highest and lowest 10-20% of the CD44/ALDH-expressing cells from each cell line **(Figure [S1](#SM1){ref-type="supplementary-material"}C, D)** for subsequent comparisons by various CSC assays. In both cell lines in the *in vitro* cell proliferation MTS assay, CD44v^high^/ALDH^low^ cells showed the highest proliferation rates followed by CD44v^high^/ALDH^high^ cells, compared with the other two populations; with the effect tending to be more pronounced in the H1650 cell line **(Figure [3](#F3){ref-type="fig"}A, B)**. In the chemotherapeutic-resistance test, in the H1650 cell line only, CD44v^high^/ALDH^low^ showed higher percentages of viable cells compared with the other three populations, whereas in the HCC827 cell line, CD44v^low^/ALDH^low^showed the lowest viability **(Figure [3](#F3){ref-type="fig"}C)**. *In vivo* tumor-formation ability was also compared among the four populations from both cell lines, using the more immunocompromised NOD/SCID mice as recipients and by injecting 100,000 or 1,000 cells from each sorted population in these mice. When the number of injected cells was 100,000, CD44v^high^/ALDH^high^ cells produced the largest tumor nodules, followed by CD44v^high^/ALDH^low^, whereas the CD44v^low^/ALDH^high^ and CD44v^low^/ALDH^low^formed significantly smaller nodules in both the H1650 and HCC827 cell lines **(Figure [S2](#SM1){ref-type="supplementary-material"}A, B)**. When the number of injected cells was reduced to 1000, only CD44v^high^/ALDH^high^ cells, followed by CD44v^high^/ALDH^low^ cells, were still able to form large tumor nodules, whereas the CD44v^low^/ALDH^high^ and CD44v^low^/ALDH^low^cells formed no, or much smaller, nodules in both H1650 and HCC827 cell lines **(Figure [3](#F3){ref-type="fig"}D, E)**.

To further enrich for CSCs, we sorted the CD44v^high^/ALDH^high^, CD44v^high^/ALDH^low^, CD44v^low^/ALDH^high^, CD44v^low^/ALDH^low^ cells from both the H1650 and HCC827 cell lines, using a stricter gating strategy, setting the gates to sort the highest and lowest 4-5% of the CD44/ALDH-expressing cells **(Figure [S5](#SM1){ref-type="supplementary-material"}A, B)** for subsequent comparisons by CSC assays. In the *in vitro* cell proliferation MTS assay, no population in either cell line showed higher proliferation ability **(Figure [4](#F4){ref-type="fig"}A, B)**. In the chemotherapeutic-resistance test, in both H1650 and HCC827 cell lines, CD44v^high^/ALDH^high^, CD44v^high^/ALDH^low^ and CD44v^low^/ALDH^high^ cells showed similar response to docetaxel treatment, whereas CD44v^low^/ALDH^low^showed lower viability **(Figure [4](#F4){ref-type="fig"}C)**. *In vivo* tumor formation ability was compared among the four populations from both cell lines by transplanting 1,000 cells into NOD/SCID mice and examining differential tumor growth. In mice injected with cells from the H1650 cell line, CD44v^high^/ALDH^high^ cells again produced the largest tumor nodules, whereas in mice injected with cells from the HCC827 cell lines, CD44v^high^/ALDH^low^ cells formed the largest tumors, followed by CD44v^high^/ALDH^high^ cells **(Figure [4](#F4){ref-type="fig"}D, E)**. In the anchorage-independent tumorspheres, in H1650 cells, both CD44v^high^/ALDH^high^ and CD44v^high^/ALDH^low^ cells formed tumorspheres in 2/3 wells at 10-cell density, whereas CD44v^low^/ALDH^high^ and CD44v^low^/ALDH^low^ cells formed no tumorspheres at 50-cell density and only in 1/3 wells at 100-cell density. In HCC827 cells, CD44v^high^/ALDH^high^ cells showed the highest efficiency by forming tumorspheres in 1/3 wells at 10-cell density, followed by CD44v^high^/ALDH^low^ cells, which formed tumorspheres in 2/3 wells at 50-cell density, then CD44v^low^/ALDH^high^ which formed tumorspheres in 1/3 wells at 100-cell density. CD44v^low^/ALDH^low^ cells formed no tumorspheres at 100-cell density and only in 1/3 wells at 500-cell density **(Figure [S6](#SM1){ref-type="supplementary-material"} and S7)**. Collectively, these data suggest that the stricter gating results in loss of higher proliferation and apoptosis resistance ability, but enriches for tumorsphere-forming cells within the CD44v^high^-expressing populations. No effect was seen on the *in vivo* xenograft tumor formation.

*In vivo* secondary tumor formation
-----------------------------------

As CD44v^high^/ALDH^high^ cells appeared to be the population most enriched for xenograft-forming CSCs, we wanted to test whether their tumor initiation capacity can be propagated in vivo. We applied two strategies; the first was to dissociate the primary tumors, formed from CD44v^high^/ALDH^high^ cells from both the H1650 and HCC827 cell lines, into single cell suspensions, sort them again into CD44v^high^/ALDH^high^, CD44v^high^/ALDH^low^, CD44v^low^/ALDH^high^ and CD44v^low^/ALDH^low^ cells and then transplant 1000 cells from each sorted population subcutaneously into NOD/SCID mice. The second strategy was to dissociate all primary tumors, formed from the four populations; CD44v^high^/ALDH^high^, CD44v^high^/ALDH^low^, CD44v^low^/ALDH^high^ and CD44v^low^/ALDH^low^ from both the H1650 and HCC827 cell lines, into single cell suspensions then, without sorting, and transplant 1000 cells from each tumor subcutaneously into NOD/SCID mice. Interestingly, when the four populations were sorted from the primary CD44v^high^/ALDH^high^ cell tumor, CD44v^high^/ALDH^high^ cells again formed significantly larger tumors; CD44v^high^/ALDH^low^ formed much smaller tumors, whereas CD44v^low^/ALDH^high^ and CD44v^low^/ALDH^low^ cells formed no tumors at all **(Figure [5](#F5){ref-type="fig"}A, B)**. On the other hand, when dissociated cells from the four population tumors were transplanted without sorting, no significant difference was seen among the growing secondary tumors in H1650 cells, whereas the cells from CD44v^low^/ALDH^high^ and CD44v^low^/ALDH^low^ tumors formed relatively larger secondary tumors in HCC827 cells **(Figure [5](#F5){ref-type="fig"}C, D)**. Apart from considering the difference in size, we also performed immunostaining to examine the tumors for the expression and distribution of CD44v within each nodule to detect whether they display a differential pattern based on their population of origin. All tumor nodules, from both cell lines, from all 4 sorted populations, and from both primary **(Figure [5](#F5){ref-type="fig"}E, F)**and secondary **(Figure [5](#F5){ref-type="fig"}G, H)**tumors, showed a similar pattern of CD44v expression. CD44v was expressed more towards the center of the nodule and less towards its periphery. Collectively, these data indicate that the CD44v^high^/ALDH^high^ population harbors the highest number of xenograft-forming CSCs and thus shows the most efficient tumor propagation ability. It also indicates that once the tumor is well established from a CSC-containing population, heterogeneous cells populate the growing tumor as a result of plasticity and differentiation of the transplanted CSCs, eventually producing tumors that are histologically similar and contain similarly few numbers of CSCs.

Comparing the xenografts from the different CD44v/ALDH populations for histological variations
----------------------------------------------------------------------------------------------

When examined histologically, many of the growing xenograft tumors showed areas of necrosis towards the tumor center, probably owing to progressive hypoxia/ischemia away from the blood vessels. We wanted to identify whether the size of these necrotic areas is dependent on the size of the tumor (i.e. larger tumors have larger necrotic areas), or on the population which initiated the tumor (i.e. related to CD44v and/or ALDH expression status). Quantification of necrotic areas from all tumors revealed that in H1650, and to a lesser extent, in HCC827, the larger tumor nodules (growing from the transplanted CD44v^high^/ALDH^high^ and CD44v^high^/ALDH^low^ cells) display wider areas of central necrosis, whereas smaller tumor nodules (growing from the transplanted CD44v^low^/ALDH^high^ and CD44v^low^/ALDH^low^ cells) display smaller necrotic areas **(Figures S8 and S9)**. As the tumor-stroma interaction is a critical factor in tumor growth, we also wanted to examine whether any of the four populations has a superior ability to induce stroma formation. We stained the xenograft tumors for e-cadherin and CD34, markers that can delineate the cancer \'epithelial\' cells from the non-cancer \'stromal\' cells. The percentage of stroma within tumor nodules varied from 5-25% and no subpopulation from either cell line showed a significantly different percentage of stroma within the nodules **(Figure [S10](#SM1){ref-type="supplementary-material"})**. These data indicate that although higher levels of CD44v expression is associated with the ability to form larger xenograft tumors, it is not associated with reduced areas of central necrosis or a more efficient induction of stroma formation.

Potential mechanisms conferring CSC characteristics to the CD44v^high^-expressing cells
---------------------------------------------------------------------------------------

Several mechanisms by which CD44 bestows CSC characteristics to cells expressing it have been described in head and neck tumors and gastric cancer [@B20], [@B28]-[@B30]. PD-L1 or \'programmed-death ligand 1\' (CD274) is a ligand for PD-1. Binding of PD-L1 to PD-1 inhibits the proliferation of activated T-cells, and thus, it is an essential mechanism in the control of inflammation and autoimmunity. Tumor cells may express PD-L1, which inhibits T-cell activation and allows cancer cells to evade immune detection. PD-L1 has been shown to be preferentially expressed on CD44^high^ CSCs in head and neck tumors, and thus provides them with an immune-evasion ability [@B28]. We examined the four CD44v/ALDH sorted populations from both H1650 and HCC827 cell lines for PD-L1 expression. Interestingly, in H1650, PD-L1 expression correlated with CD44v expression regardless of ALDH expression, i.e., CD44v^high^/ALDH^high^ and CD44v^high^/ALDH^low^ cells showed high PD-L1 expression **(Figure [6](#F6){ref-type="fig"}A-E).**On the other hand, in HCC827, PD-L1 expression correlated with CD44v and inversely correlated with ALDH expression, i.e., only CD44v^high^/ALDH^low^ showed high PD-L1 expression whereas the other three populations showed low or no expression **(Figure [6](#F6){ref-type="fig"}F-J).**The interaction between CD44 and EGFR has been shown to promote head and neck carcinoma [@B29]. However, in both H1650 and HCC827, both total and pEGFR were expressed relatively similarly in all the four populations **(Figure [S11](#SM1){ref-type="supplementary-material"})**. xCT, a glutamate-cystine transporter, has been shown to control the intracellular levels of reduced glutathione and thus plays a critical role in redox regulation. CD44v interacts and stabilizes xCT and thus offers protection to CD44v^high^ CSCs from the high ROS levels in both gastric and head and neck cancers [@B20], [@B30]. Interestingly, in H1650, xCT expression correlated with CD44v expression regardless of the ALDH expression, i.e., CD44v^high^/ALDH^high^ and CD44v^high^/ALDH^low^ cells showed high xCT expression **(Figure [6](#F6){ref-type="fig"}K-O).**On the other hand, in HCC827, xCT was highly expressed in CD44v^high^/ALDH^low^ cells but was even higher in CD44v^high^/ALDH^high^, i.e., CD44v correlates with xCT expression and combined expression of CD44v/ALDH provides a boost to xCT levels **(Figure [6](#F6){ref-type="fig"}P-T).**However, when ROS levels were compared among the different four populations from both H1650 and HCC827, no significant difference was observed**(Figure [S12](#SM1){ref-type="supplementary-material"})**, suggesting that the upregulation of CD44v and xCT is not the definitive controller of ROS levels in these lung cancer cell lines.

Discussion
==========

A tumor is not just a \'clone\' of identical malignant cells, but rather a complex structure comprising tumor cells, as well as numerous types of stromal and inflammatory cells, which undergo various dynamic interactions, eventually determining the tumor\'s ability to grow, metastasize, and its response to therapeutic interventions. The presence of a cellular hierarchy within a complex tumor, with the cells at the apex termed CSCs, has been identified in various studies and is responsible for sustaining tumorigenesis and establishing cellular heterogeneity [@B1], [@B2]. However, over the past few years, evidences have accumulated that concept of CSCs are more complex than the earlier simple hypothesis of a (cancer stem) cell on top of a simple tumor cell hierarchy. Currently, the possibility of the presence of multiple CSC phenotypes, the presence of several CSC pools within a tumor, and the ability of CSCs to undergo genetic and/or phenotypic switching have been established [@B1], [@B2]. In this study, we provide evidence that lung adenocarcinoma cells with high CD44v expression are enriched for CSCs. However, the use of ALDH as an additional enrichment marker revealed that the CSCs characteristics examined were split between the CD44v^high^/ALDH^low^ and the CD44v^high^/ALDH^high^ populations, indicating the presence of two different CSC phenotypes that express CD44v but differ in their levels of ALDH. Similar findings have been described recently for breast CSCs, with mesenchymal-like CSCs expressing CD44 and epithelial-like CSCs expressing ALDH [@B31]. Our results bear some similarity but also some contradictions to those of a recent study by Liu et al [@B32]. Their findings seem to assign all the CSC characteristics to the CD44^high^/ALDH^high^ cells, whereas in our study, we found that both CD44v^high^/ALDH^low^ and CD44^high^/ALDH^high^ cells possessed different characteristics suggestive of CSCs. The reason for this discrepancy could be due to our use of the more CSC-specific v9 CD44 isoform for enrichment, whereas they used the non-specific panCD44 that detects all isoforms. Several previous studies have described the identification of CD44-expressing CSCs in human lung cancer surgical samples and cell lines [@B14]-[@B17]. However, in the current study, as well as several previous studies, we identified the complexity of lung CSCs and thus highlight the difficulties that need to be dealt with before proceeding towards clinical application [@B18]. The presence of intra-tumor heterogeneity and inter-tumor phenotypic heterogeneity have been long described in general for cancer, particularly lung cancer [@B33]-[@B35]. Thus, it is likely that the specificity and sensitivity of markers used for lung CSC identification will vary with tumor type (adeno, squamous, small cell), stage, genetic signature and other phenotypic determinants. It is also likely that the functional role played by a marker in one type of cancer might not be the same for another cancer type. For example, CD44v is a marker for gastric cancer stem cells and its function was thought to be through the regulation of the level of xCT, and thus influencing ROS in CSCs [@B20]. However, in the current study, although CD44v marked the cells enriched for lung CSCs and its level correlated with the level of xCT expression, it did not seem to affect the level of ROS in cells with high CD44v expression. It has now been established that the generation of ROS within cancer, mechanisms for their elimination, their cellular interactions, as well as the signaling pathways they influence are complex, and vary markedly from one tumor to another [@B36]. Our finding that PD-L1 expression correlates with CD44v expression in both cell lines examined is intriguing. Expression of PD-L1 on non-small cell lung cancer (NSCLC) is associated with poor prognosis [@B37] and many clinical trials have already tested anti-PD-1/PD-L1 therapies in NSCLC [@B38]. Despite impressive outcomes in some patients, many others showed no response [@B38]. Our finding that vCD44-expressing lung adenocarcinoma CSCs specifically overexpress PD-L1 may indicate that vCD44 is a marker able to identify patients who will respond to anti-PD-1/PD-L1 therapies.

In summary, we have examined several lung cancer cell lines for their expression of *CD44v.* We then compared the ability of high CD44v expression, alone or combined with ALDH expression, to enrich for cells with CSCs characteristics. We found that both CD44v^high^/ALDH^high^ and CD44v^high^/ALDH^low^ cells are enriched for cells with CSC characteristics, with the CD44v^high^/ALDH^low^ cells being more proliferative and more resistant to chemotherapeutics, whereas CD44v^high^/ALDH^high^ cells are more efficient in forming xenograft tumors *in vivo* and tumorspheres *in vitro*. Applying stricter sorting gates to select for the cells with the highest CD44v/ALDH expression caused CD44v^high^/ALDH^low^ cells to lose their high proliferation and chemotherapeutic resistance ability but enriched for tumorsphere-forming cells within the CD44v^high^/ALDH^high^ and CD44v^high^/ALDH^low^ cells. The CD44v^high^/ALDH^high^ population showed the most efficient secondary tumor propagation ability. However, when xenograft tumors were analyzed histologically, CD44v^high^/ALDH^high^expression was not associated with reduced areas of central necrosis or a more efficient induction of stroma formation. CD44v^high^ expression was associated with PD-L1 and xCT expression in both H1650 and HCC827 cell lines. This association was not modified by ALDH expression in H1650 cells. However, in HCC827 cells, ALDH expression was negatively associated with PD-L1 but positively associated with xCT expression.

We conclude that lung adenocarcinoma cells with high CD44v expression are enriched for cells with CSCs characteristics. Using ALDH as an additional enrichment marker revealed that CD44v^high^/ALDH^low^ cells are more proliferative and more resistant to chemotherapeutics, whereas CD44v^high^/ALDH^high^ cells are more efficient at forming xenograft tumors *in vivo* and tumorspheres *in vitro*. We propose that lung adenocarcinoma contains different CSCs, each of them endowed with different CSC characteristics.
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CSC

:   cancer stem cells

ALDH

:   aldehyde dehydrogenase

ROS

:   reactive oxygen species

CD44 variant isoform

:   CD44v.

![**Expression of CD44v in lung cancer cell lines. A)**Several lung cancer cell lines, 11 adenocarcinoma (H1975, H1650, PC9, A549, H441, H358, H522, SK-LU1, MCF7, Calu-3, HCC827), 3 squamous cell carcinoma (SK-MES1, H520, SW900), 1 neuroendocrine (H1770) and 1 epidermoid (Calu-1) cancer cell line, in addition to the NHBE and BEAS2B non-cancer cell lines, were examined for *CD44v v9* expression using RT-PCR. Cytospun slides containing cells from the H1650 and HCC827 (expressed *CD44v* RNA) and A549 (did not express *CD44v* RNA) cell lines were stained with anti-CD44v-specific antibody **(B-D)** or panCD44 antibody **(E).** H1650 and HCC827 cells, but not A549 cells, expressed CD44v. A549 cells expressed other isoform(s). Similar results were seen by flow cytometry **(F-H)**. Scale bars: 50 μm.](jcav08p1774g001){#F1}

![**Examining CD44v^high^ cells for CSC characteristics.**CD44v^high^ and CD44v^low^ cells were sorted from H1650, and panCD44^high^ and panCD44^low^ cells were sorted from A549. **(A, B)***In vitro* cell proliferation MTS assay. **(C)** Chemotherapeutic-resistance test: viable cells are in the left lower quadrant. **(D, E)** Xenograft tumor formation in immunocompromised mice, H1650: n=2 and A549: n=3.](jcav08p1774g002){#F2}

![**Effect of adding ALDH to CD44v expression on enriching for cells with CSC characteristics.**CD44v^high^/ALDH^high^, CD44v^high^/ALDH^low^, CD44v^low^/ALDH^high^, CD44v^low^/ALDH^low^ cells were sorted from the CD44v-expressing cell lines, H1650 and HCC827. **(A, B)***In vitro* cell proliferation MTS assay. **(C)** Chemotherapeutic-resistance test. **(D, E)** Xenograft tumor formation in immunocompromised mice, H1650: n=9 and HCC287: n=9.](jcav08p1774g003){#F3}

![**Effect of a more strict gating criteria for the ALDH/CD44v FACS sorting on enriching for cells with CSC characteristics.** Strictly gated CD44v^high^/ALDH^high^, CD44v^high^/ALDH^low^, CD44v^low^/ALDH^high^, CD44v^low^/ALDH^low^ cells were sorted from the CD44v-expressing cell lines, H1650 and HCC82. (A, B) *In vitro* cell proliferation MTS assay. (C) Chemotherapeutic-resistance test. (D, E) Xenograft tumor formation in immunocompromised mice, H1650: n=2 and HCC287: n=3.](jcav08p1774g004){#F4}

![**Ability of primary xenografts to propagate secondary tumors. (A, B)** Xenograft tumor cells were dissociated from the subcutaneously formed tumors of primary CD44v^high^/ALDH^high^ cells, from both H1650 and HCC827. The dissociated cells were stained and sorted into CD44v^high^/ALDH^high^, CD44v^high^/ALDH^low^, CD44v^low^/ALDH^high^ and CD44v^low^/ALDH^low^ cells and transplanted into immunocompromised mice. **(C, D)** Xenograft tumor cells were dissociated from the subcutaneously formed tumors of primary CD44v^high^/ALDH^high^, CD44v^high^/ALDH^low^, CD44v^low^/ALDH^high^ and CD44v^low^/ALDH^low^ cells, from both H1650 and HCC827. The dissociated cells were transplanted without further sorting into immunocompromised mice. All well-formed primary and secondary tumor nodules were collected and the patterns of CD44v expression was detected using H&E and immunostaining.**(E-H)** Representative images from H1650 primary (**E, F)**and secondary**(G, H)**tumors. Scale bars: 200 μm.](jcav08p1774g005){#F5}

![**PD-L1 and xCT are potential functional markers associated with CD44v**^high^**expression.**Freshly sorted CD44v^high^/ALDH^high^, CD44v^high^/ALDH^low^, CD44v^low^/ALDH^high^ and CD44v^low^/ALDH^low^ cells from H1650 and HCC827 cell lines were cytospun and immunostained for PD-L1 **(A-D and F-I)** and xCT **(K-N and P-S).** Nuclei were stained with DAPI. Scale bars: 50 μm. (**E, J, O and T)**quantification of fluorescence intensity (using ImageJ). \*indicates p value \<0.05 compared to CD44v^high^/ALDH^high^.](jcav08p1774g006){#F6}
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